appeared to be related to the putative helicases encoded by the human DNA repair gene ERCC3 and the D10 gene of bacteriophage T5. These findings suggest that I8R may be an RNA helicase. Based on the known properties of the virion NTPases of vaccinia virus, it is possible that the I8R protein may be identical to the previously characterized virion NTPase II. A18R is likely to possess DNA and/or RNA helicase activity. Circumstantial evidence suggests that this activity might be involved in melting duplex structures in late mRNAs. The possibility of independent acquisition of the putative helicases I8R, A18R and a common progenitor to D6R and D11L by an ancestral poxvirus is discussed.
Sequencing of complete viral genomes creates the exciting possibility of delineating in full the classes of viral genes and proteins, and the relationships between them. As demonstrated previously, one of the most important types of viral proteins is that containing the purine NTP-binding sequence pattern (Walker et al., 1982; Gorbalenya & Koonin, 1989) . Large DNA viruses tend to encode several proteins of this type which are ATP (GTP)-consuming enzymes involved in different aspects of genome replication and expression, and in DNA precursor biosynthesis (Gorbalenya & Koonin, 1989) . Typical examples are DNA (RNA) helicases, on the one hand, and thymidine kinases on the other hand. In particular, analysis of the then incomplete set of vaccinia virus (VV) proteins revealed four proteins containing the NTP-binding pattern (Gorbalenya & Koonin, 1989) . These included two putative helicases belonging to helicase superfamily II, thymidine kinase (Table 1) . With the complete nucleotide sequence of the VV genome now available (Goebel et al., 1990a, b) , it was of interest to explore, by computerassisted methods, the full repertoire of the proteins of this virus containing the NTP-binding pattern in order to predict their possible functions and to gain further insight into possible pathways of viral genome evolution.
The purine NTP-binding pattern consists of two distinct motifs, A and B, which can be separated by various linear distances in polypeptide chains, As discussed previously (Gorbalenya & Koonin, 1989) , the optimal strategy to detect the NTP-binding pattern in amino acid sequences is to screen the databank first for the A motif, and then to search the selected sequences for the B motif. In this way, nine proteins encoded by the VV genome and containing the NTP-binding pattern were identified (Table 1) . Proteins J2R and A48R are enzymes with well known activities, thymidine kinase and thymidylate kinase, respectively, which are related to the respective enzymes of cellular origin. Gene A57R (together with an adjacent short reading frame) appears to be a pseudogene derived from a gene encoding another enzyme of nucleotide metabolism, guanylate kinase Broyles & Fesler (1990) , Gershon & Moss (1990) Rodriguez et al. (1986) , Broyles & Moss (1987) , Kahn & Esteban (1990 ) Fathi & Condit (1991a Pacha et al. (1990) * Included in the original list of viral NTP-binding pattern-containing proteins (Gorbalenya & Koonin, 1989) . t The NTP-binding motif described in the original papers (Smith et al., 1989 .
A57R protein corresponds to the C-terminal portion of guanylate kinase; the homologue of the N-terminal part of this enzyme encompassing the A motif of the NTP-binding pattern has been found in an alternative short reading frame, suggesting that A57R might be an inactive pseudogene . § The helicase motifs described previously (Gorbalenya et al., 1989a) . II The 'A' mofit of the NTP-binding pattern detected by Goebel et al. (1990) . ¶ NTP-binding pattern previously undetected. . In a previous study we have shown that proteins D6R and DllL each contain the seven sequence motifs typical of helicase superfamily II (Gorbalenya et al., 1989 a; Lain et al., 1989; Linder et al., 1989; Seraphin et al., 1989) . Within this superfamily, the VV proteins showed the closest (though still moderate) sequence similarity to each other and to the putative helicase encoded by the yeast linear DNA plasmid pGKL2 (Gorbalenya et aL, 1989a) . We screened a database created from the Swissprot Bank (Release 18) by selection of all sequences containing the A motif of the NTP-binding pattern for similarity to the four remaining VV proteins containing this pattern. The search was performed by the program SMART (Brodsky et al., 1991) which includes a pre-screening step analogous to the FASTP program of Lipman & Pearson (1985) followed by detailed local similarity analysis by the DotHelix algorithm (Leontovich et al., 1990) . This analysis revealed statistically significant similarities between the sequences of I8R and three putative helicases of superfamily II involved in yeast pre-mRNA splicing, PRP2, PRP16 and PRP22, and between A18R and the putative helicases encoded by human DNA repair gene ERCC3 and by the D10 gene of bacteriophage T5. The sequences thus selected were then aligned with the VV protein sequences using the multiple alignment program OPTAL, based on the Sankoff algorithm, as previously described (Gorbalenya et al., 1989b) . The I8R sequence aligned with those of the putative PRP helicases with a convincing alignment score of 8.4 S.D. above the mean of 25 random simulations. Inspection of the alignment showed that the areas of highest similarity between I8R and PRP helicases include the seven motifs identifying helicase superfamily II (Fig. 1) . The spacing of these motifs was also well conserved, which is notable, given the variability of the distances separating the motifs in various helicases of this superfamily (Gorbalenya et al., 1989a) . Significant similarity did not extend far beyond the portion of the sequences bounded by motifs I and VI, suggesting that it is the helicase function that underlies the observed relationship between I8R and the splicing helicases. In particular, I8R lacked counterparts to the putative RNA-binding N-terminal domain of PRP22 related to ribosomal protein S1, and to the C-terminal domain conserved in PRP2, PRP16 and PRP22 (Company et al., 1991) .
The A 18R sequence scored 8-5 S.D. when aligned with the pairwise alignment of ERCC3 and D10. The alignment spanned nearly the entire lengths of A 18R and D10, whereas ERCC3 contained an additional N- 
EALTQRGVTTYEIIGATHLDDRLKIQEDIAKGGPCV-LAAAQSIFSEGISLNE--LSCLIM (Fig. 2) . On the other hand, in motif III, where D10 has the deviating sequence SGT, A18R and E RCC3 contained the signature TAT typical of the other helicases of this superfamily (Gorbalenya et al., 1989a) . These observations suggest that VV proteins I8R and A18R may possess helicase activity. Admittedly, the strength of this prediction is somewhat diminished by the lack of direct evidence of the helicase activity for either yeast PRP proteins, or the ERCC3 and D10 proteins. However, RNA-dependent ATPase activity has been reported recently for the PRP16 protein (Schwer & Guthrie, 1991) , and given the function in splicing and highly significant similarity to established RNA helicases (Company et al., 1991 ; Koonin, 1991) , it seems very likely that helicase activity might also be eventually found. Similarly, the participation in DNA repair, together with the conservation of the helicase motifs, make ERCC3 a good candidate for a helicase (Weeda et al., 1990) .
More specifically, it is possible that, by analogy with the PRP proteins, I8R may be an RNA helicase. Helicases belonging to superfamily II are involved in numerous processes requiring DNA and RNA duplex unwinding, i.e. DNA replication, repair, recombination, transcription, in pre-mRNA splicing, and in mRNA translation regulation (Gorbalenya et al., 1989a; Wassarman & Steitz, 1991 ; and references therein) . Both I8R and A18R are essential viral genes. Temperaturesensitive mutants in I8R have the 'normal' phenotype; that is they show no gross reduction in the synthesis of viral DNA, RNA or protein (Fathi & Condit, 1991a) . This led to the hypothesis that the I8R protein may be involved in virion maturation. In addition, this protein has been detected within virus particles (Fathi & Condit, 1991b) . VV virions contain three distinct nucleic aciddependent NTPase activities, NTPase I, NTPase II and the early transcription factor (VETF) small subunit. Recently it has been demonstrated conclusively that NTPase I is encoded by gene DIlL (Broyles & Moss, 1987; Kahn & Esteban, 1990) , whereas the VETF subunit has been identified as the product of the D6R gene (Broyles & Fesler, 1990 ). Thus it is logical to speculate that the product of gene 18R may be identical to NTPase II. Although the Mr of I8R predicted from the gene sequence (77.6K; Fathi & Condit, 1991a) exceeds that suggested for NTPase II by glycerol gradient sedimentation (Paoletti et al., 1974) , the latter method is unlikely to yield results of high precision. A similar discrepancy has been observed for VV NTPase I (Broyles & Moss, 1987) . Interestingly, it has been demonstrated that NTPase II is stimulated by RNA and by DNA by the same degree (Paoletti & Moss, 1974) . This is compatible with the observed sequence similarity between I8R and the splicing helicases, and with the hypothesis that I8R (NTPase II) may also be an RNA helicase. The function of NTPase II in virus replication remains unclear. One of the possibilities includes a more or less direct parallel with pre-mRNA splicing. Although the initial claims that late mRNAs of VV might be generated by discontinuous synthesis (Bertholet et al., 1987; Schwer et al., 1987) failed to be fully confirmed, more recent studies have still revealed a fraction of very long late transcripts (Ahn & Moss, 1989) . The role of such RNAs in virus replication (if any) is not known but if they are required for completion of the infectious cycle, it seems tempting to implicate I8R RNA helicase in their formation.
Mutations in the A18R gene led to the so called abortive late phenotype characterized by breakdown of viral mRNA and cellular rRNA by 2'-5'-oligoadenylate synthase-dependent RNase L (Pacha et al., 1990) . 2'-5'-Oligoadenylate synthase in VV-infected cells may be activated by duplex structures formed by symmetrically transcribed late mRNAs (Boone et al., 1979) . It can be speculated that, in the normal course of infection, the putative RNA helicase activity of A18R may be involved in melting such duplexes. Understanding the possible functional basis of the observed sequence similarity between A18R, ERCC3 and D10 will require further biochemical studies of each of these proteins. As there is no evidence for the association of A18R with VV virions, it seems unlikely that this protein, and not I8R, is NTPase II.
The findings reported in this paper indicate that VV probably encodes four helicases of superfamily II. Proteins D6R and DIlL appear to be more closely related to each other than to other helicases (Gorbalenya et al., 1989a) and it can be speculated that they evolved by duplication of an ancestral virus gene. On the contrary, proteins I8R and A18R are related to distinct cellular or viral helicases and could be acquired by an ancestor poxvirus independently.
